Either excessive or insufficient cement penetration within the femoral head after hip resurfacing influences the risk of femoral failures. However, the factors controlling cement penetration are not yet fully understood. We determined the effect of femoral component design and cementation technique on cement penetration. Six retrieved femoral heads were resurfaced for each implant (
Introduction
Metal-on-metal hip resurfacing represents an alternative to THA in young, active patients with end-stage arthritis [6] . Although the initial experience of metal-on-polyethylene hip resurfacing was associated with high failure rates [2, 23, 26] , the current generation of hip resurfacing with hybrid fixation (cementless acetabulum, cemented femur) combined with metal-on-metal bearings reportedly have promising early outcomes with survivorship rates of 94% to 99% at 4 to 5 years [1, 18, 41] . However, these results stem mainly from centers involved in the development of the implant and higher failure rates (eg, 6% at 2 to 5 years) are being reported from other centers [35, 38] . These discrepancies between centers of expertise and nonspecialized centers are most likely related to surgical technique as well as implant and patient selection.
With the resurgence of hip resurfacing in the treatment of end-stage hip arthritis, it is critical surgeons understand the appropriate indications and the key aspects of the surgical technique to avoid premature failures [7] . Currently, failure rates in the first 4 years are reportedly as high as 6% with the majority of failures occurring on the femoral side [18, 35, 38, 40] . Although the etiology and mechanisms of failure after hip resurfacing can be varied, current reports suggest aseptic loosening of the femoral component and One or more of the authors (PEB) have received funding from Wright Medical Technologies. Each author certifies that his or her institution has approved the human protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research. fracture of the femoral neck are the leading causes of revision surgery [1, 3, 31, 38, 40] .
In terms of surgical technique, varus positioning of the femoral component [12] and neck notching [8, 40] have been clearly identified as risk factors for short-term failures. Furthermore, with cement used as the primary method of fixation on the femoral side [20] , optimal cementing technique will inevitably vary between different centers representing, like in THA, a risk factor for early failure [15, 19, 36] . More importantly, how one achieves sufficient cement penetration in hip resurfacing is influenced by several factors [14, 17, 22, 33] , some of which can be controlled by the surgeon such as cement viscosity [33] and pulsatile lavage [22] , whereas others such as femoral head bone quality [28] and implant design cannot be controlled.
Recent retrieval analyses of failed resurfacings demonstrate large variability in cement penetration within the femoral head between different implants [36] with excessive cement penetration correlating with implant loosening [16] . However, it remains unclear to which degree each factor leads to this large variability in cement penetration, ie, cement viscosity, femoral head bone quality, and/or component design. This is contrary to stem-type hip replacements in which cementation technique (timing of application, pressurization) as well as femoral component design and their relationship to the cement penetration and mantle have been studied extensively [19, 43] . By understanding the factors that control cement penetration after hip resurfacing, surgeons can better optimize their surgical technique to minimize the risk of early failure as well as provide better insight in terms of long-term implant performance.
We therefore compared the cement penetration and mantle thickness among five commonly used hip resurfacing component designs using the manufacturer's recommended cementation technique. To determine the effect of design clearance of the femoral component on cement penetration and mantle thickness, we altered the cementation technique (high-and low-viscosity techniques) of two components with varying clearances.
Materials and Methods
We obtained 70 femoral heads with patients' written informed consent as approved by our institution's ethical review board. The heads were retrieved from patients younger than 70 years old undergoing elective THA for osteoarthritis and no prior hip surgery. Exclusion criteria included patients undergoing THA as a result of osteonecrosis, hip dysplasia, or fractures. We stored specimens in a -35°C freezer. Each femoral head was randomly assigned into the different groups using a number generator.
Bone mineral density was measured by a dual-energy xray absorptiometry (DEXA) scan as previously described by Trudel and associates [42] . To control for bone mineral density, we retained 42 of the 70 femoral heads that were within ± 1 standard deviation of the sample mean for the study. The mean bone mineral density as measured by the DEXA scans was similar in seven groups (five groups for comparison of designs and two groups for comparison of cement viscosity; analysis of variance, p = 0.98).
Five different hip resurfacing femoral components were implanted: Articular Surface Replacement1 (''ASR1''; DePuy, Warsaw, IN), Birmingham Hip Resurfacing1 (''BHR''; Smith & Nephew, London, UK), Conserve Plus1 (''Conserve Plus''; Wright Medical Technology, Arlington, TN), DuROM1 (''DuROM''; Zimmer Inc, Warsaw, IN), and ReCAP1 (''ReCAP''; Biomet Inc, Warsaw, IN). We determined the clearance using digital calipers by measuring the inner diameter of the femoral component at its edge and the cutting diameter of the reamer at the corresponding location. Radial clearance was defined as half of the difference between these two diameters (Table 1 ). Six femoral heads were resurfaced for each of the five different femoral implant designs by an experienced hip resurfacing surgeon (PEB). The resurfacing was carried out according to the specifications of each manufacturer's technical guidelines ( Table 2 ). We used Simplex1 P radio-opaque bone cement (Stryker Canada, Hamilton, Ontario, Canada) in this study. The working time along with the manufacturer's recommendation were used to achieve the desired lower or higher viscosity cement state. The BHR was cemented using the cement in low-viscosity state, which was poured into the femoral component and then pressurized onto the reamed femoral head at 1 minute. We cemented the remaining four implants using cement in a higher viscosity state with implantation performed between 2 and 4 minutes according to the manufacturer's recommendation. We mounted all femoral heads on custom-made fixtures using Kirschner wires to facilitate and standardize their preparation ( Fig. 1 ). The surgical technique was followed for each of the implants. The margin of the trial was marked on the femoral neck with a surgical marker. We then irrigated the prepared femoral head with a pulse lavage and subsequently dried it. Before cementation, the inner side of the component was coated with a thin layer of petroleum jelly to facilitate its removal after cement curing. We added methylene blue (0.2 cc) to each pack of cement to facilitate subsequent digital measurements. The implant was impacted to the premarked level on the prepared femoral head (Fig. 1A) . Constant pressure was then applied until the cement was fully cured.
To determine the effects of cement viscosity, the BHR femoral component was implanted using the higher viscosity cementation technique of the Conserve Plus1 named BHR/hvt, whereas the Conserve Plus1 was implanted using the lower viscosity cementation technique of the BHR named Conserve Plus/lvt. We selected these two implants because they represented the greatest difference in both implant clearance and cementation technique and have the longest clinical track record [4, 41] . Total amount of cement used for each head was weighed before implantation.
Once cement curing was complete, we subsequently removed all implants from the femoral head except the DuROM, which required sectioning with the implant in place because the implant has a groove interlocking the cement. All femoral heads were cut as described by Campbell and associates [16] into three 2.6-mm longitudinal sections using a diamond saw blade. We obtained three sections at the 25%, midline, and 75% mark (Fig. 1) . The sections were then digitally photographed, radiographed, and subsequently analyzed using an image 
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Implant is filled with cement Prepared femoral head is coated with cement 4 * Timer was started when adding the liquid monomer to the powder. Fig. 1 The femoral head was mounted on a custom-designed fixture for head preparation, implantation, and sectioning. The figure illustrates the femoral head after sectioning using a diamond saw blade. Fig. 2 The diagram shows the different parameters measured on the digital images and radiographs as well as the three defined zones of the prosthesis: side (I), chamfer (II), and dome (III). Cement penetration depth was measured perpendicular to the implant (A), cement mantle height was measured at the dome (B), and cement mantle thickness was measured at the side (C). Cement penetration was calculated as a percentage of bone interdigitated by cement to the total area of bone under the implant. The mean depths of penetration were also measured for each zone by averaging the depth of penetration at 1-mm intervals.
analysis software program by a single observer (KS) blinded to implant type (Image J, version 1.34; National Institutes of Health, Bethesda, MD) ( Fig. 2) . Cement penetration was calculated as a percentage of bone interdigitated by cement to the total area of bone under the implant. We also calculated the mean depth of cement penetration for each femoral head by taking perpendicular depth measurements at 1-mm intervals along the periphery of the prepared bone. We also recorded the mean depths for the side, chamfer, and dome sections of the prosthesis. The cement mantle thickness was defined as the distance between the prepared bone and the outer edge of the cement mantle ( Fig. 2) and measured along the sides of the prosthesis (Zone I) and at the dome (Zone III). We used descriptive statistics to examine measures of central tendency (mean, median, mode) and dispersion (standard deviation [SD]). All values are reported as means of 18 values (six femoral heads x three sections per head) ± SD unless otherwise stated. We compared differences across groups for penetration parameter means using one-way analysis of variance (ANOVA). For each measured parameter, we ran an ANOVA model comparing the different groups and evaluated overall group differences using the F statistic. All possible pairwise comparisons between groups were further analyzed using the Tukey correction to identify specific group differences when p \ 0.05. The comparisons of implantation with cements of differing viscosities were performed using unpaired t-tests. All analyses were performed using SAS version 9 (SAS Institute, Cary, NC).
Results
The average cement penetration was greatest in the BHR1 (66.2% ± 15.5%) compared with the others (ASR1 12.3% ± 5.1%, Conserve Plus1 19.3% ± 5.5%, DuROM1 17.7% ± 4.0%, ReCAP1 26.1% ± 5.2%) ( Figs. 3, 4) . The BHR's cement penetration was greater (p \ 0.0001) than all of the other four groups. We observed the same with the mean depth of overall penetration ( Fig. 5 ) (p \ 0.0001) and within the three different zones ( Table 3 ) (p \ 0.0001).
The thickness of the cement mantle at the dome of Zone III (Fig. 3 ) varied among the different groups (Fig. 5 ). It was thickest with the ReCAP1 (2.0 ± 0.5 mm), which was higher than the BHR (0.8 ± 0.5 mm, p = 0.0014) and the DuROM1 (0.3 ± 0.1 mm, p \ 0.0001), approached significance when compared with the ASR1 (1.2 ± 0.4 mm, p = 0.0548) but was not different from the Conserve Plus1 at 1.3 ± 0.6 mm. In addition, the Du-ROM1 cement mantle in Zone III was lower than ASR1 (p = 0.0302), Conserve Plus1 (p = 0.0167), and ReCAP1 (p \ 0.0001). The thickness of the cement mantle at the sides (Zone I in Fig. 3 ) was greater (p \ 0.0001) with Conserve Plus1 (1.2 ± 0.4 mm), Du-ROM1 (1.1 ± 0.2 mm), and ReCAP1 (0.8 ± 0.2 mm) as compared with ASR1 (0.1 ± 0.1 mm) and BHR (0.1 ± 0.1 mm) ( Fig. 6 ). We found a positive correlation (r 2 = 0.92) between the cement mantle thickness in Zone I and the measured radial clearance of the implant (Fig. 7) .
Using the low-viscosity cementation technique of the BHR, the Conserve Plus/lvt cement penetration remained lower (p = 0.0003) than the BHR1 (16.3% ± 12.7% versus 66.2% ± 15.5%) ( Fig. 8) (Table 4 ). Alternating to the higher viscosity cementation technique of the Conserve Plus1, the BHR/hvt cement penetration remained higher (p = 0.0006) than the Conserve Plus1 (36.7% ± 6.6% versus 19.3% ± 5.5%). Similarly, both mean depth and maximal penetration were higher (Table 4 ) in the BHR group using the low-and high-viscosity cementation techniques when compared with the Conserve Plus1. The cement mantle thickness at the dome (Zone III) did not change when comparing the BHR1 and Conserve Plus/lvt, whereas it was higher in the BHR/hvt when compared with the standard Conserve Plus1. In fact, in the BHR/hvt group, four of the six prostheses could not be seated to the premarked level on the femoral neck ( Fig. 9 ). The side mantle thickness (Zone I) was higher in the Conserve Plus1 using both low-and high-viscosity cementation techniques.
Discussion
Excessive cement penetration after hip resurfacing has been correlated with femoral component loosening [16] . Factors such as cement viscosity, pulse lavage, and femoral bone quality are known to influence cement penetration [13, 27, 28, 32, 33] . The effect of femoral component design or, more specifically, the clearance between the reamed bone and femoral component on cement penetration, is not yet understood. The aim of this study was first to compare cement penetration and mantle thickness after implantation in vitro with five commercially available hip resurfacing components using the manufacturer's cementation technique. After this, the sole effect of the femoral component design clearance on cement penetration was investigated by alternating cementation techniques between two implants.
Our study has certain limitations. It is well known that other variables such as pressurization techniques, temperature, and humidity as well as the presence of blood can considerably impact cement penetration, the latter depending on femoral head vascularity [9] . We prepared femoral heads and cemented in vitro at room temperature. The cement mantle height (mean ± standard deviation) for the DuROM1 was lower than that for the Conserve Plus1, ASR1, and ReCAP1 and the ReCAP1 was higher than that for the ASR1, BHR, and DuROM1. Although no blood was present and test conditions were not physiological, each parameter was kept constant to study the sole contribution of implant design and cementation technique on cement penetration; the experiments were performed in a controlled setting using fresh-frozen rather than fixed cadaveric femoral heads. More importantly, the effect of varying bone porosity on cement penetration was minimized by having all femoral heads within one SD for their bone mineral density measurements.
Our data demonstrate hip resurfacing femoral implants have a major effect on cement penetration within the femoral head. This difference was most striking when comparing the BHR with the four other implants. In terms of percent difference in mean cement penetration, the BHR on average had 39% to 53% more cement penetration with the ASR1 design having the lowest overall. Interestingly, Campbell and associates [16] also found the BHR had the greatest amount of cement penetration averaging 58%, whereas the Conserve Plus had on average 35%, which is higher than we found. These results represent critical information for clinicians as well as manufacturers because all components were implanted according to the recommended manufacturers' cementation technique and performed within a controlled environment in terms of bone mineral density and femoral head preparation. In addition, our results point out the importance of current and future recommendations on techniques of cementation, which cannot necessarily be used interchangeably between different implants and provide a baseline for clinical performance of these various implants in terms of cement fixation. However, despite the contrast in overall cement penetration between the BHR1 and Conserve Plus1, both have comparable survivorship rates at 4 to 5 years Conserve is not seated also). [1, 18, 38] . In addition, because all of the femoral heads were prepared in an optimal fashion, we cannot account for effects of eccentric femoral head preparation as well as implant positioning, which can affect penetration and mantle thickness [17] . When looking at the overall depth of cement penetration within the femoral head, the findings were comparable to the percentage of cement penetration; however, depth of penetration provides insight for the potential of excessive heat generation during curing as well as fixation of the implant [16, 17] . Campbell and associates [16] reported 6 mm or more of cement penetration leads to temperatures sufficiently high (ie, greater than 50°C) to cause thermal necrosis of the surrounding bone. This initial insult to the fixation between bone and cement was extensively studied by Mjoberg and associates [34] , who demonstrated the resorptive and reparative phase that follows could lead to instability of the implant followed by migration and eventually loosening of the prosthesis, which has been reported in the current generation of hip resurfacing [11] . In their retrieval analyses, both Little and associates [31] and Campbell and associates [16] also observed femoral neck fractures associated with necrotic bone as well as zones of complete avascularity. Similar to our results, when comparing the BHR and Conserve Plus, Campbell and associates [16] reported the BHR had the highest average depth of cement penetration and the Conserve Plus had the larger average cement mantle.
Although excessive penetration can put the bone at risk of thermal necrosis, a minimum amount of penetration is required for fixation. Noble and Swarts [37] suggested 3 to 5 mm of cement penetration is needed to achieve proper three-dimensional interlocking into cancellous bone, which was confirmed by other researchers [5, 30] . This would appear reasonable because 6 mm or more can cause excessive heat generation [16] . Although heat generation can be negated by cooling methods of irrigation and suction, Jansson and associates [25] reported increased cement penetration within the bone stiffens the cancellous bone increasing interface stresses and putting the underlying bone at risk of fatigue failure as postulated by Huiskes et al. [24] . This can be further compounded by the fact that a considerable percentage of patients with hip resurfacing participate in impact sports [18, 29] .
Our data also demonstrate component design, specifically the clearance between the component and reamed femoral head, is a critical determinant of cement penetration. Both the BHR1 and ASR1 components have a conical design, whereas all other femoral components have cylindrical designs. Not surprisingly, the thinnest cement mantle in Zone 1 was noted with the two designs with the lowest clearance (BHR1, ASR1) despite the use of two different cementation techniques. Furthermore, by altering cementation technique, the BHR/hvt had close to a 30% reduction in penetration. However, despite the lower values for the BHR/hvt's cement penetration percentage and depth, they remained higher than the cement penetration obtained with the Conserve Plus1 using both high-and low-viscosity cementation techniques (Fig. 4) . This suggests the higher cement penetration noted with the BHR cannot be solely dependent on its low-viscosity cementation technique. Alternating cementation techniques in the Conserve Plus group did not result in comparable changes like in the BHR group, suggesting the impact of cementation technique may be greater in low-clearance implants [17] . Another important finding was the variance in the cement mantle thickness at the dome (Zone III), which is a reflection of both implant design as well as seating of the implant. We observed a greater risk of incomplete seating of the implant (four of six implants) when the BHR was implanted using the higher viscosity cementation technique (BHR/hvt). This was confirmed with the cement mantle in Zone III being almost 3 mm on average compared with less than 1 mm with the standard BHR ( Fig. 9 ) (Table 4 ). This is in accordance with the findings of Bitsch and associates [14] , which noted a thicker cement mantle at the dome using the ASR1 component, which has a conical design like the BHR, especially when cement was poured in the femoral shell as part of the cementation technique. We also recorded a major difference in cement mantle thickness with the ReCAP1 having the thicker mantle and the Du-ROM1 the thinnest mantle with all of the implants being fully seated, again emphasizing the influence of implant design because the ReCAP1 is the only implant without a chamfer design being purely spherical. These results are important because incomplete seating of the femoral component is a recognized risk factor for early neck fracture [3, 35] , which can be further compounded by eccentric reaming of the femoral head.
Although a few studies have attempted to look at the cement mantle, these were limited to one implant design in which different cementation techniques were studied [14, 17, 22] . How implant design may influence cement mantle and penetration becomes important because mantle thickness and penetration plays a role in stress transfer to the underlying bone [39] with stress shielding still remaining a concern in terms of the long-term performance of hip resurfacing [10, 21, 44] . Radcliffe and Taylor [39] examined the effect of varying cement mantle and penetration thickness on transfers within the resurfaced femoral head and reported the greater mantle and penetration thickness leads to major decreases in strain within the proximal femur, ie, increased risk of proximal stress shielding with a mean percentage change of -6% with a 1-mm thin cement mantle, -18% with a 3-mm mantle, and -27% for a 5-mm mantle. This could in part explain the phenomenon of femoral neck narrowing after hip resurfacing, which is reportedly as high as 27% [10, 21] . Although this had not demonstrably led to short-term failure, it certainly puts the femoral neck at risk of fracture in the long term.
Current failure mechanisms of hip resurfacing suggest failure of the femoral component as an important determinant of the short-term clinical performance. Because cement fixation is the current preferred method used, how one achieves and what factors influence adequate penetration within the femoral head are important to understand. Our study demonstrates clinicians using hip resurfacing can expect to find major differences in cement penetration and mantle thickness depending on which implant design and cementation technique they use. Researchers and clinicians involved in the development and implantation of hip resurfacing in the treatment of osteoarthritis need to understand these effects because excessive or insufficient cement penetration can lead to early failure.
